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Smoke–waterIt has been widely advocated that smoke–water application to topsoil can substantially improve restoration suc-
cess by enhancing seed germination. This is despite few studies having tested the effects of smoke–water on
seedling emergence in ﬁeld-scale restoration trials. Here we report the effects of applying a commercially avail-
able smoke solution (Regen 2000®), at rates between 0 and 100 mL m−2, on jarrah forest sites being restored
after bauxite mining in the southwest of Western Australia. Smoke solutions stimulated the seed germination
of a range of species in laboratory experiments. In addition, smoke–water stimulated germination of Stylidium
afﬁne seeds sown directly into the ﬁrst ﬁeld experiment. However, apart from the effect on sown S. afﬁne
seeds, smoke–water application had no effect on subsequent seedling numbers, species richness or the relative
proportion of seedlings in different growth-form categories in either of the two ﬁeld experiments. These ﬁndings
suggest that smoke–water application does not always ensure enhanced restoration outcomes.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
In the absence of other ﬁre-related cues, smokeproduced by burning
plant material has been shown to stimulate germination of a broad
range of species from both ﬁre-prone (Roche et al., 1997; Keeley and
Fotheringham, 1998; Brown et al., 2003; Måren et al., 2010) and non-
ﬁre prone environments (Drewes et al., 1995; Pierce et al., 1995;
Doherty and Cohn, 2000; Adkins and Peters, 2001; Daws et al., 2007).
As a result, the use of smoke as a ﬁeld-scale technique for stimulating
germination of desirable (e.g. native species in restoration projects)
and undesirable (e.g. weeds) species has been proposed on a number
of occasions (Light and Van Staden, 2004; Daws et al., 2007; Stevens
et al., 2007; Light et al., 2009). However, few studies have tested the util-
ity of smoke as a tool for stimulating germination in large-scale restora-
tion projects.
Smoke technology has found applications in restoration projects
with examples of smoke application to: (1) comparatively undisturbed
native topsoil seedbanks, (2) topsoil returned in restoration operations,
and (3) seeds prior to their use in broad-scale seeding (Rokich and
Dixon, 2007). When applied to minimally disturbed Banksiawoodlandws).
y Elsevier B.V. All rights reserved.and jarrah forest soils in the southwest of Western Australia, aerosol
smoke application resulted in very signiﬁcant increases in the number
of emergent seedlings (Roche et al., 1997, 1998). Aerosol smoke appli-
cation is generally more effective at stimulating seedling emergence
from soil seed banks than liquid smoke (Rokich and Dixon, 2007). How-
ever, applying aerosol smoke is both logistically challenging as a broad-
scale technique and potentially limited in some locations by restrictions
on the use of ﬁre. Therefore, for smoke to be used on a broad-scale, the
application of liquid smoke is likely to be the most practical approach
(Rokich andDixon, 2007) andwas consequently used in theﬁeld exper-
iments we report here.
The jarrah forest hasmultiple species that respond to smoke applica-
tion either in ex situ germination tests or in a ﬁeld setting (Roche et al.,
1997; Norman et al., 2006b). Here we report the results of two ﬁeld
experiments in the jarrah forest where smoke solution was applied to
jarrah forest sites to be restored after bauxite mining. We also tested
whether smoke has a differential effect on emergence of different
plant growth-forms since this has been reported previously based on
laboratory germination tests (Brown et al., 2003). Smoke–water has
been previously applied to jarrah forest restoration (Roche et al.,
1997). However, the experiments we report in this study had the ad-
vantage of using multiple smoke concentrations, and one experiment
included a known smoke responsive species (Stylidium afﬁne) as a
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of both the germination stimulating activity of the smoke solution used,
and that appropriate smoke–water concentrations were used.
2. Methods
2.1. Site description
Experiments were established at Alcoa of Australia's bauxite mining
operations in the jarrah forest of Western Australia (32°35′06′′ S,
116°06′44′′ E), ca. 100–180 km south of Perth. The region has a
Mediterranean-type climate with cool, wet winters and hot, dry sum-
mers. Average annual rainfall is ~1200 mm. The average summer
monthly maximum temperature is ~28 °C and the average winter
minimum is ~5 °C. The overstorey vegetation within the mining enve-
lopes is generally dominated by jarrah (Eucalyptus marginata) with
varying densities of marri (Corymbia calophylla). In addition, there is a
small-tree component, with Banksia grandis, Allocasuarina fraseriana,
Persoonia longifolia and Xylomelum occidentale being the most common
species. The undergrowth consists of sclerophyllous shrubs (to 3 m tall)
and herbs predominantly in the Myrtaceae, Proteaceae, Fabaceae,
Restionaceae, Orchidaceae, Apiaceae, Liliaceae (sensu lato), Ericaceae,
Asteraceae and Cyperaceae.
Mine pits range in size from 1 to 20 ha and are surrounded by
unmined forest. The rehabilitation process has the objective of establish-
ing a self-sustaining jarrah-forest ecosystem. Rehabilitation involves
reshaping the mine pit, returning topsoil and deep ripping to alleviate
compaction. The returned topsoil is usually sourced from recently
cleared forest areas that have yet to bemined. After re-spreading and rip-
ping, this topsoil contains ~ 110 seeds m−2 (Koch et al., 1996).
2.2. Field experimental design
In March 1997, four 1 m × 1 m plots were established within each
of seven newly rehabilitated (i.e. after landscaping, topsoil return and
contour ripping) mine pits. In the centre of each 1 m × 1 m plot, 200
Stylidium afﬁne seeds were sown and covered with topsoil to a depth
of 5 mm. Each of the four plots was randomly allocated either 0, 10,
50 or 100 mL m−2 of a commercially available liquid smoke treatment
(Regen 2000®, Tecnica Pty. Ltd., Bayswater, Victoria, Australia). All solu-
tions were made up to 100 mL m−2 with water and applied with a
backpack sprayer. Plots were monitored in October 1997 and all seed-
lings present, identiﬁed and recorded.
In March 1998, a second ﬁeld experiment of four 20 m × 20 m plots
was established within each of six replicate mine pits. Within each pit,
the four plots were randomly allocated in the following smoke treat-
ments: 0, 10, 50 or 100 mL m−2 of Regen 2000®. All treatments were
made up to 100 mL m−2 with water. The smoke treatments were ap-
plied to the 20 m × 20 m plots using a backpack sprayer. A 4 m × 4 m
monitoring plot was established in each of the four corners and the cen-
tre of each 20 m × 20 m plot. This resulted in a sampling area of 80 m2
per 20 m × 20 m plot. Between 25 October and 9 November 1998, all
seedlings within the 4 m × 4 m plots were identiﬁed and counted.
2.3. Ex situ seed germination tests
A smoke treatment was applied to seeds of four jarrah forest species
(Conostylis aculeata, Grevillea wilsonii, Hyalosperma cotula and Stylidium
hispidum) to test the efﬁcacy of the smoke solution used in the ﬁeld ex-
periments. Smoke treatments consisted of 10%, 25% and 50% concentra-
tions of Regen 2000®, and a de-ionised water control. Three replicates
of 50 seeds per species were soaked in 10 mL of each treatment for
24 h. Seeds were then sown into a punnet of potting mix in a green-
house at Alcoa's Marrinup nursery which is within 15 km of the sites
used for the ﬁeld experiments. No heating was supplied and irrigation
was automatic mist watering. Monitoring for seedling emergenceoccurred weekly for 10 weeks (after which very limited emergence
occurred).
2.4. Statistical analysis
General linear models implemented in Minitab 16 (Minitab Inc.,
State College, PA, US) were used to assess effects of smoke application
rate on species richness (1997 and 1998 trials), seedling density (1997
and 1998 trials) and emergence of Stylidium afﬁne (1997 trial). To
account for variability across mine pits, ‘pit’ was included as a random
variable. To ensure normality, seedling density was ln(n + 1) trans-
formed and S. afﬁne emergence arcsine transformed.
For the 1998 ﬁeld trial, seedlings were categorised into one of sever-
al growth form/plant-type categories to assess whether smoke applica-
tion had a differential effect on emergence of plants in different growth-
form categories. Plants were categorised as either: (1) ephemerals
(short-lived native species), (2) introduced weeds, (3) re-seeders or
(4) re-sprouters. Two ﬁre-response syndromes can be described for
species in the jarrah forest. Re-sprouters survive ﬁres as individuals.
Re-seeders are killed by ﬁre andmust re-establish through germination
and seedling establishment (Bell, 2001). Species were classiﬁed as re-
sprouters and re-seeders based on the literature (Bellairs and Bell,
1990; Bell et al., 1993; Ward et al., 1997; Smith et al., 2000; Norman
et al., 2006a; Burrows et al., 2008). Non-native species and native
ephemeral species were classiﬁed according to the FloraBase database
(Western Australian Herbarium, 2012). Ephemerals and weeds are
also considered to be re-seeders, although, for the purposes of this
study, the re-seeder category used consisted of the longer-lived species.
To test for differences in germination response to the different
smoke–water concentrations, one-way ANOVA followed by Fisher's
post hoc tests was applied to each of the four study species from the
ex situ germination tests. Germination percentages were arcsine trans-
formed prior to analyses.
3. Results
3.1. Field experiment 1 (1997)
A total of 1,402 seedlings representing 47 species were recorded
across the seven rehabilitated mine pits. Compared with the control
treatment, no concentration of applied smoke–water had either a posi-
tive or negative effect on the number of emergent seedlings (GLM,
F3,18 = 0.56, P = 0.647; Table 1) or on the species richness of the seed-
ling community (GLM, F3,18 = 0.61, P = 0.618; Table 1). However,
smoke–water application at each of the three concentrations enhanced
emergence of seeds of S. afﬁne that had been sown into the plots. There
was a signiﬁcant effect of smoke–water application on S. afﬁne emer-
gence (GLM, F3,18 = 41.62, P b 0.001; Table 1) with smoke application
rate acting in a dose dependent manner: emergence was greatest
(41.4%) at the highest smoke concentration (100 mL m−2).
3.2. Field experiment 2 (1998)
A total of 32,231 seedlings representing 210 species were recorded
across the six rehabilitated mine pits. There was no effect of smoke
treatment on either the total number of seedlings (GLM, F3,15 = 1.24,
P = 0.33; Table 1) or species richness (GLM, F3,15 = 0.77, P = 0.529;
Table 1). In addition, therewas no effect of smoke treatment on the pat-
tern of seedling distribution across the four growth-forms analysed
(MANOVA Pillai's λ = 0.454, P = 0.809; Fig. 1).
3.3. Ex situ seed germination tests
In the germination trial, at least one concentration of smoke–water
signiﬁcantly enhanced seed germination for two (Grevillea wilsonii
and Stylidium hispidum) of the four species (Fig. 2). For three species,
Table 1
The effect of smoke–water application rate on species richness (±1 SE) and density (±1 SE) for the emergent seedling community after 6 months for ﬁeld trials 1 and 2 established in
1997 and 1998. Also presented is percentage emergence (±1 SE) for Stylidium afﬁne seeds sown into the centre of each plot in the 1997 trial.
Smoke treatment (mL m−2) Field trial 1 (1997) Field trial 2 (1998)
Species count (# plot−1)a Stem density (# m−2) S. afﬁne emergence (%) Species count (# plot−1)b Stem density (# m−2)
0 (Control) 8.9 ± 1.2 29.0 ± 6.7 0.9 ± 0.6 69.0 ± 4.7 16.3 ± 3.2
10 10.3 ± 1.2 29.4 ± 10.1 15.5 ± 2.2 70.0 ± 5.4 17.0 ± 2.7
50 9.7 ± 1.0 26.6 ± 6.0 32.5 ± 5.6 62.5 ± 3.9 14.9 ± 2.4
100 10.0 ± 1.3 31.0 ± 9.4 44.1 ± 4.6 66.5 ± 3.7 14.4 ± 1.8
a Based on sampling 1 m2.
b Based on sampling 80 m2.
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tration (50%), (but not by lower concentrations) and for one species
(S. hispidum), germination was suppressed by concentrations of 25%
and above.
4. Discussion
No effect of smoke–water application on seedling emergence was
found in either ﬁeld trial 1 or 2. However, in ﬁeld experiment 1,
smoke–water application stimulated seedling emergence of Stylidium
afﬁne seeds which were sown into plots immediately prior to the
smoke application. The absence of a smoke–water effect was surprising
since: (1)many jarrah forest species producing smoke responsive seeds
(Dixon et al., 1995; Roche et al., 1997; Norman et al., 2006b), (2) the
smoke solution was effective in the ex situ germination tests (Fig. 2),
and (3) germination of seeds of S. afﬁne sown directly into the ﬁeld
experiment was promoted by the applied smoke–water (Table 1).
Aerosol smoke applied to undisturbed jarrah forest sites has been
shown previously to result in a very signiﬁcant increase in the number
of emergent seedlings (from 5.1 to 246 m−2; Roche et al., 1997). How-
ever, when aerosol smoke was applied to soils in newly rehabilitated
jarrah forest, emergence only increased from 1.7 to 5.8 seedlings m−2
(Roche et al., 1997). Roche et al. (1997) also found that application of
smoke–water to soils in newly rehabilitated jarrah forest increased
emergence from 5.5 to 8.6 seedlings m−2. These results suggest two
things. Firstly, the effect of smoke application on disturbed soils may
be much less than for undisturbed soils. Secondly, in a ﬁeld setting
smoke–water may be less effective than aerosol smoke. Indeed, in sup-
port of these ﬁndings, Coates (2003) found applying smoke–water to
post-sandmining restoration sites in south eastern Australia had no
effect on seedling emergence. Therefore, our current ﬁndings are not
an exception although they do raise the question of why no responseSt
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There are several potential reasons for the absence of an effect in the
ﬁeld studies reported here compared with the study of Roche et al.
(1997). Firstly, differences in effectiveness of varying smoke solutions
have been reported. For example, Adkins and Peters (2001) reported
signiﬁcant differences in germination response to Seed Starter® versus
Regen 2000® smoke–water: Regen 2000® stimulated germination at
signiﬁcantly lower concentrations than Seed Starter®. In addition, dif-
ferences in environmental conditions (such as rainfall) between study
years and differences in the ﬁre-history of the sites fromwhich the top-
soil used in the restoration operations was collected, may impact upon
the observed responses.
More speciﬁcally, in terms of the smoke–water solutions used here,
the applied concentrations may have been too low to elicit a germina-
tion response. However, this is unlikely for two reasons. Firstly, all the
concentrations applied in the ﬁeld experiment stimulated emergence
of the sown S. afﬁne seeds. Secondly, of the various smoke solutions test-
ed by Adkins and Peters (2001), Regen 2000® was effective at the low-
est concentrations. Nonetheless, this possibility cannot be deﬁnitively
excluded, particularly given the dose response of S. afﬁne to the applied
smoke solutions. However, since for the 1998 ﬁeld experiment the
smoke–water cost $2990 AUD per hectare (based on the 100 mL m−2
treatment and not including application costs), increasing the applica-
tion rate further would be cost prohibitive as a broad-scale treatment.
In terms of environmental conditions, the main active compound in
smoke (karrikinolide [KAR1]) is bothwater soluble and broken down by
solar irradiation (Scafﬁdi et al., 2012). Consequently, the compound
may have been either broken down or rapidly leached through the
soil proﬁle. However, this is unlikely since seed germination of S. afﬁne
was stimulated in situ, and once seeds are exposed to smoke, they
have been shown to retain the beneﬁcial effect (Brown and VanRe-sprouters
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Fig. 2.The effect of smoke–water concentration (%) on ex situ seed germination of four jarrah forest species. Letter adjacent to bars indicate,within a species, signiﬁcant differences (Fisher’s
post hoc test, P b 0.05) in germination in relation to smoke-water concentration. Error bars represent + 1SE of the mean.
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ulated rainfall treatments did not affect the vertical distribution of
smoke activity in soil cores. Similarly, Stevens et al. (2007) found that
although simulated rainfall resulted in leaching of KAR1 down a sand
proﬁle, the germination stimulating effect was not lost from the surface
layers. An alternative possibility for the difference between the results
reported here and Roche et al. (1997) is different amounts of summer
rainfall between the study years. The experiments reported here were
established in late summer of 1997 and 1998. For these years, rainfall
for the three month period from February to April (i.e. spanning the
period when the trials were established) was 122 and 162 mm for
1997 and 1998, respectively. This compares with just 27 mm for the
same period in 1995 when Roche and co-workers undertook their
study (Alcoa of Australia Ltd. Unpublished data). These rainfall differ-
ences may be important for either differential levels of leaching of
KAR1 (see above) or may have affected the responsiveness of seeds to
KAR1. In the case of Brassica tournifortii, Long et al. (2010) found that
prior hydration of seeds reduced the germination stimulating effect of
KAR1.
A number of studies have reported a smaller effect of smoke applica-
tion on seedling emergence from disturbed versus undisturbed soils
(e.g. Roche et al., 1997; Rokich et al., 2002). Soil physical disturbance
can promote germination of Australian native species (Rokich et al.,
2002) and it has been proposed that this physical disturbance may
cause accelerated decay of soil organic matter resulting in the produc-
tion of germination promoting compounds (Merritt et al., 2006).
Although evidence for this mechanism is limited, Ghebrehiwot et al.
(2011) found that extracts from physically disturbed soil that had not
been exposed to smoke, promoted higher germination than a water
control. More recently, Ghebrehiwot et al. (2013) reported the presence
of KAR1, and the structurally related karrikin 3,4,5-trimethylfuran-
2(5H)-one (which inhibits seed germination), in unburnt soils indicat-
ing that sources other than ﬁre may also generate karrikins. In bauxite
mine restoration, topsoil undergoes large-scalemixing at several stages:
soil is: (1) removed fromcleared forest sites using scrapers, (2) respread
in restored mine pits either directly from newly cleared forest or after
stockpiling, and (3) ripped on contour using a dozer. These kinds of
mixing/disturbance processes, and potential exposure to products of or-
ganic matter decay, may explain the muted (Roche et al., 1997; Rokich
et al., 2002) or absent (e.g. Coates, 2003; this study) seed germinationresponse observed following smoke application to highly disturbed
soils.
Despite being applied at levels sufﬁcient to stimulate germination of
freshly sown seeds, smoke application did not have a stimulatory effect
on germination of the in situ soil seed bank in newly restored bauxite
mine pits and smoke–water application is not necessary for successful
re-establishment of a self-sustaining jarrah-forest ecosystem. Thus,
application of smoke–water, and at the concentrations reported here,
cannot be assumed to have a positive beneﬁt on germination from the
in situ soil bank; particularly for the restoration of sites where soils
have been signiﬁcantly disturbed. Further ﬁeld experiments are needed
to understand both the impacts of soil constituents (Ghebrehiwot et al.,
2011) and soil disturbance on seed germination. Therefore, despite
recurrent suggestions in the literature regarding broad-scale smoke
application for restoration activities, smoke–water is not necessarily a
fail-proof restoration treatment.Acknowledgments
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